ABSTRACT Multidrug-resistant (MDR) Salmonella enterica can be spread from cattle to humans through direct contact with animals shedding Salmonella as well as through the food chain, making MDR Salmonella a serious threat to human health. The objective of this study was to use whole-genome sequencing to compare antimicrobial-resistant (AMR) Salmonella enterica serovars Typhimurium, Newport, and Dublin isolated from dairy cattle and humans in Washington State and New York State at the genotypic and phenotypic levels. A total of 90 isolates were selected for the study (37 S. Typhimurium, 32 S. Newport, and 21 S. Dublin isolates). All isolates were tested for phenotypic antibiotic resistance to 12 drugs using Kirby-Bauer disk diffusion. AMR genes were detected in the assembled genome of each isolate using nucleotide BLAST and ARG-ANNOT. Genotypic prediction of phenotypic resistance resulted in a mean sensitivity of 97.2 and specificity of 85.2. Sulfamethoxazole-trimethoprim resistance was observed only in human isolates (P Ͻ 0.05), while resistance to quinolones and fluoroquinolones was observed only in 6 S. Typhimurium isolates from humans in Washington State. S. Newport isolates showed a high degree of AMR profile similarity, regardless of source. S. Dublin isolates from New York State differed from those from Washington State based on the presence/absence of plasmid replicons, as well as phenotypic AMR susceptibility/nonsusceptibility (P Ͻ 0.05). The results of this study suggest that distinct factors may contribute to the emergence and dispersal of AMR S. enterica in humans and farm animals in different regions.
detected in over one-half of all isolates (Table 1) . Several significant (P Ͻ 0.001) associations between plasmid replicons and AMR gene groups were observed, including the IncA/C2 replicon and gene groups CMY, floR, strA-strB, sul2, and tet(A)-tet(R) (see Table S3 in the supplemental material). These genes had previously been found on an IncA/C2 plasmid isolated from S. Newport (19) .
Serotypes were found to differ with regard to AMR gene sequences, phenotypic resistance/susceptibility, and the presence/absence of plasmid replicons when using analysis of similarity (ANOSIM) and/or permutational multivariate analysis of variance (PERMANOVA; P Ͻ 0.001 after a Holm-Bonferroni correction) ( Table 2 ). Of the three serotypes studied, S. Typhimurium showed the widest range of AMR gene profiles, phenotypic AMR profiles, and plasmid replicon presence/absence profiles ( Fig. 1) .
In silico AMR gene detection is correlated with phenotypic AMR patterns. Genotypic and phenotypic AMR data were used to evaluate the ability of genotypic data to predict phenotypic resistance (Fig. 2) . Ciprofloxacin (CIP) was not included in these analyses due to the rarity of resistant isolates in this data set (1 of the 90 isolates). Based on the 11 remaining antimicrobials, genotypic prediction of phenotypic resistance resulted in a mean sensitivity of 97.2% and specificity of 85.2% (Table 3) . Genotypic prediction of phenotypic resistance to AMP, cefoxitin (FOX), chloramphenicol (CHL), streptomycin (STR), sulfisoxazole (SX), and tetracycline (TET) had a sensitivity of 100%, while the prediction of phenotypic resistance to AMP, ceftiofur (TIO), ceftriaxone (CRO), nalidixic acid (NAL), and trimethoprim-sulfamethoxazole (SXT) had a specificity of 100% (Table 3) . With the exception of NAL, genotypic prediction of phenotypic resistance resulted in sensitivities greater than 90% for all drugs (Table  3) . For all antimicrobials other than AMC, STR, SX, and TET, genotypic prediction of phenotypic resistance had specificity above 90% (Table 3) . Consistent with these findings, significant differences in resistance (determined by the mean zone diameters from the Kirby-Bauer disk diffusion assays) were observed between isolates carrying at least one AMR gene conferring resistance to a given antimicrobial and those isolates that did not carry said AMR gene (P Ͻ 0.05 after a Holm-Bonferroni correction) ( Table 4) . IncA/C2 (60) ColpVC (20) IncI1 (2) ColRNAI (18) 4 IncFII(S) (36) IncFIB(S) (17) Col(BS512) (1) ColpVC (17) 5 IncX1 (22) IncI1 (10) IncFII(S) (11) a Numbers in parentheses indicate the number of isolates classified into a given AMR gene group or a given phenotypic AMR profile or the number of isolates carrying a given plasmid replicon. b Rank is based on the frequency of (i) AMR gene group presence, (ii) phenotypic AMR profile, and (iii) plasmid replicon presence. Fig. 3 ). The 37 S. Typhimurium isolates were distributed into 24 different genotypic MDR profiles, the most common of which
FIG 2
Frequency of different phenotypic and genotypic resistance determinants for each serotype-source group (e.g., Salmonella Dublin isolates obtained from humans [S. Dublin Human]). Genotypic resistance was determined using nucleotide BLAST (blastn) and the ARG-ANNOT database; isolates were classified as having a resistant genotype if the AMR gene was detected by BLAST with a minimum coverage of 50% and a minimum sequence identity of 75%. Phenotypic resistance was tested using Kirby-Bauer disk diffusion. Percentages were calculated using the ratio of resistant isolates to total isolates in each serotype-source group (n ϭ 17 for S. Typhimurium Bovine, n ϭ 20 for S. Typhimurium Human, n ϭ 14 for S. Newport Bovine, n ϭ 18 for S. Newport Human, n ϭ 10 for S. Dublin Bovine, and n ϭ 11 for S. Dublin Human). Nalidixic acid (NAL)-and sulfamethoxazole-trimethoprim (SXT)-resistant isolates (6 and 12 of the 90 isolates, respectively) each had one isolate for which genotypic resistance did not correlate with phenotypic resistance. At the phenotypic level, the number of antimicrobials to which S. Typhimurium isolates were resistant ranged from 1 to 11 (Fig. 3) . The most common phenotypic resistance profiles for S. Typhimurium were AMC-AMP-CHL-SX-STR-TET and AMC-AMP-FOX-TIO-CRO, which were found in 27% and 11% of the isolates, respectively. When ANOSIM and PERMANOVA were used as metrics to assess clustering, no significant differences between bovine and human clusters or between New York and Washington State clusters formed by phenotypic resistance/susceptibility profiles were detected (P Ͼ 0.05 after a Holm-Bonferroni correction [ Table 2 ]). However, when Fisher's exact test was used to test for differences at the individual antimicrobial level, resistance to SXT was seen only in human-associated S. Typhimurium isolates (P Ͻ 0.05 after a Holm-Bonferroni correction [ Table 5] ). In addition, all human-associated S. Typhimurium isolates were resistant to TET, while only 65% of bovine isolates were resistant to TET (P Ͻ 0.05 after a Holm-Bonferroni correction [ Table 5 ]).
In addition to possessing the most diverse genotypic and phenotypic AMR profiles, S. Typhimurium was the only serotype in which resistance to NAL (a quinolone) and CIP (a fluoroquinolone) was observed. All isolates that were resistant to NAL and CIP originated from human clinical samples in Washington State (Fig. 3) . qnr genes, which are plasmid-mediated quinolone resistance (PMQR) genes, were detected in the sequences of the two S. Typhimurium isolates that showed intermediate resistance to NAL (Table 6 ). For each of the four NAL-resistant isolates, point mutations were identified in the quinolone resistance-determining region (QRDR) of gyrA (Table 6 ). a An odds ratio (OR) of infinity or 0 includes a short statement (in parentheses) that indicates which source or location was the driver for that OR (e.g., "only in humans" indicates that the given gene/phenotype/plasmid replicon was found in only human isolates and in none of the bovine isolates). WA, Washington State; NY, New York State. Values in boldface were significant (P Ͻ 0.05) after a Holm-Bonferroni correction was applied to the respective analysis.
These nucleotide changes resulted in nonsynonymous amino acid changes (Asp87Asn, Asp87Tyr, and Ser83Tyr) that have been previously observed in quinolone-resistant Salmonella isolates (20) . In addition, three of the four NAL-resistant isolates possessed oqxA and oqxB (Table 6 ). These genes encode the OqxAB multidrug efflux pump, which confers resistance to multiple agents, including low-level resistance to quinolones (21, 22) . S. Newport phylogeny, AMR genes, AMR phenotypes, and plasmid replicons. Among the 19 S. Newport isolates from New York State, 11 clustered into a single, well-supported clade (posterior probability, 1) (Fig. 4) . The inclusion of an additional isolate from New York State yielded a 12-isolate clade with a posterior probability of 0.9574.
The AMR gene profiles of the 32 S. Newport isolates showed a high degree of similarity, with only 5 different genotypic profiles (Fig. 4) . The two most common genotypic profiles, i.e., aac (6) (Table 1 ). All S. Newport isolates had identical copies of each of these genes except for CMY, as a truncated version of the gene was detected in isolate BOV_NEWP_WA_10_R9_3240. In addition, the IncA/C2 and ColRNAI replicons were detected in all S. Newport genomes (Table 1) . Neither ANOSIM nor PERMANOVA detected significant associations between AMR genes or plasmid replicon presence/ absence and source after correcting for multiple testing (P Ͼ 0.05 after a HolmBonferroni correction [ Table 2 ]). However, the AMR gene sequences of Washington State and New York State isolates were found to differ when ANOSIM was used as a metric (P Ͻ 0.05 after a Holm-Bonferroni correction [ Table 2 ]). When Fisher's exact test was used to assess source and geographic associations at the individual gene level, genes belonging to the aph(3Љ)-Ia group were more commonly present in (i) S. Newport bovine isolates and (ii) isolates from New York State (P Ͻ 0.05 after a Holm-Bonferroni correction [ Table 5 ]). Additionally, the ColpVC plasmid replicon was detected in all bovine S. Newport isolates and only 67% of the human isolates (P Ͻ 0.05 after a Holm-Bonferroni correction [ Table 5 ]).
S. Newport isolates appeared even more similar at the phenotypic AMR level than at the genetic level. No significant source or geographic differences in MDR phenotype were observed when ANOSIM and PERMANOVA were used to assess clustering (P Ͼ 0.05 after a Holm-Bonferroni correction) ( Table 2 ). All 32 S. Newport isolates were resistant to AMC, AMP, FOX, TIO, CRO, SX, STR, and TET, and only 3 different phenotypic profiles were detected (Fig. 4) . The most common of these, AMC-AMP-FOX-TIO-CRO-CHL-SX-STR-TET, was carried by 27 of the 32 (84%) S. Newport isolates. Three isolates showed additional resistance to SXT; hence, the two most common profiles accounted for 30 of the 32 (94%) isolates. The three SXT-resistant isolates possessed aadA, dfrA, and sul1, which were not detected in any other S. Newport genomes (Fig. 4) . S. Dublin phylogeny, AMR genes, AMR phenotypes, and plasmid replicons. S. Dublin isolates clustered into two separate clades with a posterior probability of 1, one of which consisted of 10 isolates exclusively from Washington State (referred to here as the "Washington State clade") (Fig. 5) . The other clade included all eight S. Dublin isolates from New York State and three isolates from Washington State (referred to here as the "mixed clade") (Fig. 5) . Both genotypic and phenotypic differences were observed between the two major clades. AMR genes aadB and cmlA, which were detected in all but 1 Washington State state clade isolate, were not detected in any of the mixed clade isolates (P Ͻ 0.05 after a Holm-Bonferroni correction) (Fig. 5) . Not surprisingly, the frequencies at which these genes were detected in New York and Washington States were significantly different when Fisher's exact test was used (P Ͻ 0.05 after a Holm-Bonferroni correction) ( Table 5 ). ANOSIM and PERMANOVA did not identify significant differences between S. Dublin geographic clusters formed by AMR gene sequences (Table 2) . However, when ANOSIM and PERMANOVA were conducted using plasmid replicon presence/absence data, significant differences between New York and Washington State isolate clusters were observed for S. Dublin (P Ͻ 0.05 after a Holm-Bonferroni correction) ( Table 2 ). In addition, when Fisher's exact test was used to FIG 4 Phylogenetic tree of S. Newport isolates constructed using BEAST. Gene groups for AMR genes detected in each genome sequence at more than 50% coverage and 75% identity using BLAST (blastn) and ARG-ANNOT are indicated in green. Antimicrobials to which each isolate is resistant are indicated in red, and intermediate resistance to an antimicrobial is indicated in orange. Plasmid replicons detected in each genome sequence using PlasmidFinder are indicated in purple. Branch lengths are reported in substitutions per site, while posterior probabilities are reported at tree nodes.
test for possible geographic associations of individual plasmid replicons, the IncFII(S) replicon was detected only in mixed clade isolates, making it more commonly associated with isolates from New York State (P Ͻ 0.05 after a Holm-Bonferroni correction) (Fig. 5 ).
Significant differences between New York and Washington State isolate clusters were observed for S. Dublin when ANOSIM and PERMANOVA were conducted using phenotypic resistance/susceptibility data (P Ͻ 0.05 after a Holm-Bonferroni correction) ( Table 2 ). Despite the detection of both strA and strB in 20 of the 21 genomes (Table  1) , STR resistance was observed only in isolates in the mixed clade (P Ͻ 0.05 after a Holm-Bonferroni correction) (Fig. 5) . While the strB sequence was the same for the 20 isolates, the strA sequence showed a strong geographical association: all isolates in the Washington State clade possessed a truncated form of the gene, with the first 91 bp of the gene missing. Aside from this 91-bp deletion, the strA sequences were identical in all isolates. Overall, 11 isolates carried strB and a full-length strA; 10 of these isolates showed phenotypic STR resistance. However, 9 isolates carried strB and a truncated strA; all of these isolates were sensitive to STR. These data suggest that the presence of the truncated strA variant found here does not confer STR resistance and also suggest that the presence of only the strB variant found here, in the absence of a full-length strA, does not confer STR resistance.
The S. Dublin isolates were distributed into 8 different AMR genotypic profiles, with 33% of isolates genes belonging to the aac(6)-Iaa floR CMY sul2 tet(A) aph(3Љ)-Ia bla TEM-1D strB strA tet(R) PBP gene genotypic profile. The most common resistance genes in S. Dublin belonged to the aac(6)-Iaa, CMY, and sul2 groups, all of which were detected in all 21 S. Dublin isolates ( Table 1 ). The sequences of these genes were identical for all S. Dublin isolates, regardless of source or geographic location. PBP gene was also detected in all 21 genomes (Table 1) . PBP gene sequences for 20 isolates were identical; only the sequence of isolate BOV_DUBN_WA_09_R9_3239 differed by a single nucleotide from the 20 other sequences. In addition, the replicon for IncX1, which had been detected in only 1 S. Typhimurium isolate and no S. Newport isolates in this study, was detected in all 21 S. Dublin genomes (Fig. 5) . At the phenotypic level, 6 different phenotypic profiles were observed. The two most common, AMC-AMP-FOX-TIO-CRO-CHL-SX-TET and AMC-AMP-FOX-TIO-CRO-CHL-SX-STR-TET, were observed in 43% and 38% of S. Dublin isolates, respectively.
DISCUSSION
Antimicrobial resistance in zoonotic and foodborne pathogens is considered to be one of the most serious threats to public health today (2, 3) . The emergence and dispersal of AMR Salmonella are particularly problematic, due to (i) the fact that nontyphoidal Salmonella represents one of the most common causes of foodborne disease cases and associated deaths worldwide (23) and (ii) reports on the emergence and dispersal of different multidrug-resistant Salmonella strains (e.g., Salmonella Typhimurium DT104) (24) (25) (26) . Studies of the relationships between AMR determinants and MDR strains found in humans and animals are often confounded by the selection of the isolates included in a given study, in which human and animal isolates may be of different serotypes, geographical locations, or temporal intervals. To further our understanding of AMR diversity and dispersal in Salmonella, we thus assembled and characterized a set of Salmonella isolates that (i) represented 3 serotypes associated with both human and bovine populations, (ii) were isolated over the same time frame (2008 to 2012), (iii) were matched by source (human or animal) so that approximately equal numbers of human and bovine isolates were selected from each serotype, and (iv) were matched by geographical location so that similar numbers of human and bovine isolates of the three different serotypes were obtained from each of the states of Washington and New York. Our data obtained from these isolates suggest that (i) WGS can be used to reliably predict phenotypic resistance across Salmonella isolates from both human and bovine sources, (ii) geographical differences can contribute to distinct, location-specific AMR patterns, and (iii) despite an overlap of AMR geno-and phenotypes, human and bovine isolates differ significantly based on a number of AMR-related geno-and phenotypic characteristics.
WGS can be used to predict phenotypic resistance in bovine and humanassociated Salmonella Typhimurium, Newport, and Dublin with high sensitivity and specificity. Our study reported here demonstrates that in silico AMR gene predictions are highly correlated with phenotypic resistance in Salmonella enterica Typhimurium, Newport, and Dublin, as AMR genotype correlated with AMR phenotype with an overall sensitivity and specificity of 97.2 and 85.2%, respectively. The ability to predict AMR phenotype from WGS data with high sensitivity and specificity has previously been observed in Salmonella enterica isolated from humans and retail meats (27) and S. Typhimurium from swine (28) , as well as in other organisms, including Staphylococcus aureus (29, 30) Campylobacter spp. (31) , and Mycobacterium tuberculosis (30) . The results of our study further attest to the robustness of WGS in predicting resistance phenotypes in Salmonella enterica serotypes Typhimurium, Newport, and Dublin from both bovine and human sources. Verification of the ability of WGS to predict phenotypic AMR in bovine isolates is important, as isolates from different hosts can be facilitated by different mechanisms, as also shown here. Our data further support that as WGS becomes faster, cheaper, and more accessible, it may represent a valuable tool that could replace classical phenotypic AMR testing across human medical, public health, and veterinary fields.
In this study, the lowest sensitivity of predicting AMR phenotype from genotypic data occurred for NAL. This was not surprising, since the AMR phenotype prediction approach used here was based on the presence of genes that confer resistance to a given antibiotic. While AMR gene-based approaches generally work well, quinolone and fluoroquinolone resistance in particular can result from point mutations in housekeeping genes (e.g., gyrA) rather than from the presence of resistance genes, even though the presence of some resistance genes (e.g., PMQR genes) may also confer low-level resistance to quinolones and fluoroquinolones (20, 32) . In our study, the two isolates that showed intermediate resistance to NAL possessed PMQR genes, but no mutations in housekeeping genes are known to confer resistance to quinolones. This is consistent with previous findings, in which isolates possessing PMQR genes have been shown to have reduced susceptibility to quinolones but were not clinically resistant (32) . Of the four NAL-resistant isolates, three concurrently possessed PMQR genes and nonsynonymous mutations in the quinolone resistance-determining region (QRDR) of gyrA. One isolate that was NAL resistant due to the presence of only a nonsynonymous mutation in gyrA was falsely predicted to be NAL sensitive, due to an absence of quinolone resistance genes in its genome. This showcases that relying solely on gene presence/absence to predict AMR can result in reduced sensitivity. However, this drawback can be easily alleviated by incorporating SNP-based prediction of AMR (as now has been implemented in the ARG-ANNOT and CARD bioinformatic tools) (33, 34) .
In this study, the lowest specificity of WGS-based AMR prediction was observed for STR, which accounted for more than one-half of all phenotype-susceptible/genotyperesistant (P Ϫ :G ϩ ) discrepancies. Here, more than 50% of these discrepancies were attributed to S. Dublin isolates from the Washington State clade, which carry an allele on a truncated strA that appeared to not confer STR resistance, while still being identified computationally as an STR resistance determinant. Similar discrepancies have been observed in a previous study (35) of Escherichia coli isolates from dairy calves; in this study, point mutations in strA were hypothesized to affect its ability to confer STR resistance. Additionally, a previous study that assessed phenotypic and genotypic resistance in nontyphoidal Salmonella isolated from retail meat and human clinical samples also found STR (P Ϫ :G ϩ ) discrepancies to be the most common (27) . The authors of this previous study suggest that STR (P Ϫ :G ϩ ) discrepancies could be due to inaccurate clinical breakpoints for STR susceptibility in Salmonella, due in part to the fact that STR is not used to treat enteric infections (27) . Overall, these findings suggest that refinement of WGS-based AMR prediction methods could benefit from the incorporation of tools that also classify specific allelic variants of resistance genes for their ability (or inability) to confer resistance. In the future, WGS-based AMR prediction tools that incorporate feedback from clinical use of antibiotics may even further improve the ability of WGS-based tools to predict the clinical outcome of treatment with a given antimicrobial.
Both phenotypic and genomic data show geographic differences in resistancerelated characteristics for Salmonella, suggesting a need for location-specific AMR control strategies. Our data show significant differences between New York and Washington State isolates with regard to AMR-relevant genotypic and phenotypic characteristics. Specifically, when ANOSIM and/or PERMANOVA were used as metrics, Washington and New York State isolates differed by (i) AMR gene sequences (in serotype Newport) and (ii) phenotypic resistance/susceptibility and plasmid replicon presence/absence (in serotype Dublin) ( Table 2 ). In addition, a number of genes, antimicrobials, and plasmid replicons showed strong geographical associations, even after corrections for multiple testing (Table 5 ). For example, the presence of aadB and cmlA as well as STR resistance was associated with S. Dublin isolates from Washington State. In S. Typhimurium, the IncI1 plasmid replicon, which has been previously associated with extended-spectrum cephalosporin resistance in S. Typhimurium (36, 37) , was more commonly detected in isolates from New York State. In S. Dublin, the IncFII(S) plasmid replicon was also more commonly detected in isolates from New York State; the IncFII(S) replicon, along with IncFIB(S), are characteristic of the Salmonella virulence plasmids (38) found in serotypes such as S. Typhimurium and S. Dublin, and it has been proposed that some virulence plasmids previously associated with S. Dublin have evolved from IncFII-like plasmids (39) . The geographic differences observed for MDR-relevant genotypic and phenotypic characteristics suggest that different ecological factors and selective pressures may contribute to the development of AMR in different geographical locations (New York State and Washington State in our study here), suggesting a need for geographically specific interventions to effectively combat the spread of AMR. Our findings are consistent with previous studies that have shown that contemporary Salmonella antibiotic resistance patterns differ, even within a given country. For example, Davis et al. (40) showed that a specific MDR Salmonella Typhimurium strain emerged prior to 2000 in bovine populations in the Pacific Northwest (which includes Washington State) but was not found among contemporary isolates from the Northeast. Similarly, a large-scale WGS study of Salmonella Typhi isolates from across the world identified a specific MDR clone that emerged in Asia and Africa with subsequent inter-and intracontinental transmission events (41) . Importantly, our findings are also consistent with a WGS-based study (42) of Escherichia coli O157 isolates from different sources (e.g., animals, humans, and the environment/food) and different countries and continents. This study reported significant genetic differences among isolates from different geographical regions and hypothesized that a combination of local emergence events and international transmission leads to a "patchwork" of geographically confined and widely distributed clades. This is similar to what we have observed, as we have identified certain geographic location-specific clones (e.g., a Washington State-specific Dublin clade that carries a truncated strA allele), as well as broadly distributed clonal groups with similar AMR profiles.
S. enterica isolates from humans contain a more diverse range of AMR genes and plasmid replicons than those isolated from bovine populations. The development and spread of AMR have often been attributed to the misuse of antimicrobials in agricultural setting. However, the AMR profiles of Salmonella isolated from human infections cannot be fully explained by AMR in bovine isolates in this study alone. Here, resistance to CIP, NAL, and SXT were observed only in isolates from humans with salmonellosis. At the genotypic level, over one-half of the total of 42 AMR genes detected in this study were detected only in human isolates. Similar results were observed for plasmid replicons, as nearly one-half of the plasmid replicons detected were found only in human isolates. These results, along with the phylogenetic relationship of the isolates, suggest that some AMR genes are associated primarily with a particular host, with little overlap between species. Mather et al. (14) observed similar results for human-and animal-associated S. Typhimurium DT104: Salmonella isolates from humans and animals, as well as the AMR genes associated with them, were found to remain largely within their respective host populations, with little transmission from animals to humans and vice versa (14) .
While many AMR genes and phenotypes were confined to the human isolates in this study, overlaps between the resistomes of bovine and human-associated Salmonella isolates were observed on numerous occasions, with the high degree of AMR sequence identity observed for S. Newport isolates serving as the most prominent example. This also is consistent with previous studies (43-45) that similarly described that certain clonal groups of AMR pathogens can be found in both humans and animals. However, further studies using WGS data from temporally sampled Salmonella enterica are needed to assess the spread of AMR Salmonella and the resistance genes associated with it in New York State and Washington State.
MATERIALS AND METHODS
Isolate selection. A total of 93 Salmonella isolates were initially selected for the study. Bovine isolates originated from the Washington Animal Disease Diagnostic Laboratory (WADDL), the Washington State Zoonotic Research Unit, the Cornell Animal Health Diagnostic Center (Ithaca, NY), and Salmonella strains isolated from dairy cattle during previous research sampling at dairy farms. Isolates from human clinical specimens were obtained from the Washington State Department of Health Public Health Laboratory and from the New York State Department of Health Laboratory. Isolates were selected to (i) represent isolation dates between 2008 and 2012; (ii) represent one of the three serotypes of interest (Typhimurium, Newport, and Dublin, as determined using traditional serotyping; these serotypes were selected for their association with humans and cattle); and (iii) represent isolates that had previously been tested for phenotypic resistance to antimicrobials and were found to be resistant to at least one antimicrobial. Bovine isolates originated from fecal samples, independent of whether the host presented clinical signs of salmonellosis or not, while human isolates were from stool samples of patients presenting clinical signs of salmonellosis. Among the isolates that met these criteria, "redundant" isolates were filtered out (those known to come from the same animal/farm/farm visit), and selected isolates were chosen to represent approximately equal numbers of human and bovine isolates evenly distributed between New York State and Washington State. To ensure consistency between phenotypic testing methods, all of the isolates selected for this study were retested for phenotypic resistance using a single AMR testing method and a panel of antimicrobial drugs (see "Phenotypic AMR testing" below).
Following WGS (see "Whole-genome sequencing" below), seven isolates were found to belong to species/serotypes different from those to which they were initially assigned. One isolate that had been initially classified as S. enterica serotype Newport was found to belong to the genus Citrobacter. In addition, in silico multilocus sequence typing (MLST) and in silico serotyping using WGS data from the isolates (see "In silico serotyping and MLST" below) revealed that two of the isolates that had been classified as serotypes Typhimurium and Newport using traditional serotyping methods actually belonged to serotypes Give and Montevideo, respectively. These two isolates, as well as the Citrobacter isolate, were excluded from the study. Four isolates that were classified using traditional serotyping as Newport, Typhimurium, Typhimurium, and Dublin were reclassified as Dublin, Newport, Dublin, and Newport, respectively, and remained in the study under the new serotype classifications. A total of 90 isolates (37 S. Typhimurium, 32 S. Newport, and 21 S. Dublin isolates; see Table S1 in the supplemental material for details) were used in all subsequent analyses.
Phenotypic AMR testing. The antimicrobial susceptibility of each Salmonella isolate was tested using a modified National Antimicrobial Resistance Monitoring System (NARMS) panel of 12 antimicrobial drugs. Susceptibility testing was performed using a Kirby-Bauer disk diffusion agar assay in accordance with the guidelines published by the Clinical and Laboratory Standards Institute (CLSI) and a methodology previously described (46, 47) . Internal quality control was performed by the inclusion of E. coli ATCC 25922, which had previously been determined to be pansusceptible, as well as an E. coli isolate that had been previously characterized as positive for the bla CMY-2 gene and resistant to 9 of the antimicrobial agents tested. All isolates were tested using the following panel: ampicillin (AMP) at 10 g, amoxicillinclavulanic acid (AMC) at 20 and 10 g, respectively, cefoxitin (FOX) at 30 g, ceftiofur (TIO) at 30 g, ceftriaxone (CRO) at 30 g, chloramphenicol (CHL) at 30 g, ciprofloxacin (CIP) at 5 g, nalidixic acid (NAL) at 30 g, streptomycin (STR) at 10 g, tetracycline (TET) at 30 g, sulfisoxazole (SX) at 250 g, and trimethoprim-sulfamethoxazole (SXT) at 23.75 and 1.25 g, respectively. Results of the disk diffusion test for the internal quality control strains were within the anticipated standards. Isolates were categorized as susceptible, intermediate, or resistant (SIR) by measuring the inhibition zone and using interpretive criteria and breakpoints established by the CLSI guidelines for each antimicrobial (46) .
Whole-genome sequencing. Isolates were plated on brain heart infusion (BHI) agar (Becton, Dickinson and Company, Franklin Lakes, NJ), grown for 24 h, and inoculated into 1.0 ml BHI broth in a Nunc U96 PP 2-ml DeepWell Natural plate (Fisher Scientific, Pittsburgh, PA). Following overnight incubation at 37°C, cells were pelleted by centrifugation at 3,320 relative centrifugal force (RCF) for 15 min. DNA extraction for the majority of isolates was performed with the DNeasy 96 blood and tissue kit (Qiagen, Valencia, CA) according to the manufacturer's specifications for high-throughput applications. DNA extraction for a smaller group of isolates was performed using the QIAamp DNA minikit (Qiagen, Valencia, CA) according to the manufacturer's protocol for bacteria. DNA was eluted in 50 l Tris-HCl at pH 8.0 and stored at 4°C prior to sequencing. Following an initial spectrophotometry step to determine the optical density at 260 nm (OD 260 )/OD 280 measurements, the genomic DNA from each isolate was quantified using a fluorescent nucleic acid dye (Picogreen; Invitrogen, Paisley, UK) and diluted to 200 pg/l. Sequencing libraries were prepared using the Nextera XT DNA sample preparation kit and the associated Nextera XT Index kit with 96 indices (Illumina, Inc., San Diego, CA) according to the manufacturer's instructions. Pooled samples were sequenced with 2 lanes of an Illumina HiSeq 2500 rapid run with 2 ϫ 100-bp paired-end sequencing.
Initial data processing and genome assembly. Illumina sequencing adapters and low-quality bases were trimmed using Trimmomatic version 0.32 for Nextera paired-end reads (48) . FastQC version 0.11.2 was used to confirm that all adapter sequences had been removed and that the read quality was appropriate (49) . Genomes were assembled de novo using SPAdes version 3.0.0, as SPAdes has been shown to produce few misassemblies and yield contigs with high N50 values when assembling bacterial genomes de novo from Illumina short reads (50) . Genome coverage was determined using BBMap version 35.49 (51) and samtools version 0.1.19-96b5f2294a (52) .
In silico serotyping and MLST. To assess the results of traditional serotyping, in silico serotyping was performed using SeqSero and the assembled genome for each isolate (53) . In addition, MLST was performed using the Short Read Sequence Typer 2 version 0.1.5 (SRST2) and the trimmed Illumina paired-end reads (54) . Sequence types were associated with serotypes using the University of Warwick's MLST database for Salmonella (55) .
In silico AMR gene detection. AMR genes were detected in all 90 assembled genomes using nucleotide BLAST (blastn) version 2.4.0 (56) and the formatted ARG-ANNOT database included with SRST2 (33, 54) . To prevent overlapping hits due to the presence of multiple alleles of the same gene in the database, one gene was selected from each SRST2-ARG-ANNOT gene group and used to build a reduced database (54) . Genes that were detected using blastn and belonged to a particular gene group were categorized as being present in a genome if they were detected at Ն50% coverage and Ն75% nucleotide identity.
Initial phylogenetic tree construction and reference genome selection. The closed chromosomal sequences of S. Typhimurium strain LT2 (RefSeq NC_003197.1), S. Newport strain SL254 (GenBank accession no. CP001113), and S. Dublin strain CT_02021853 (RefSeq NC_011205.1) were chosen as candidate reference sequences for reference-based SNP calling. To obtain an initial phylogeny of all isolates and determine if these candidate reference sequences clustered appropriately with the genomes of the isolates used in this study, a phylogenetic tree was constructed using the assembled genomes of all 90 isolates and the three candidate reference genomes using kSNP version 2.1.2 (57) . Kchooser was used to determine an optimum k-mer size of 19 (57) . This core SNP phylogeny based on the genomes of all 90 isolates used in the study, as well as three closed reference genomes from GenBank, clustered isolates into three distinct clades (see Fig. S1 in the supplemental material). As a result, all subsequent analyses were performed within each serotype clade to maximize resolution.
Reference-based variant calling. Variant calling was performed within each of the three serotypes using the Cortex variant caller (cortex_var) (58) . For S. Typhimurium isolates, S. Typhimurium strain LT2 was used as a reference genome. For S. Newport isolates, S. Newport strain SL254 was used as a reference, as all of the Newport isolates in this study were predicted to have the same sequence type (ST45) using SRST2 (59) . For S. Dublin isolates, strain CT_02021853, which was used as a candidate reference in the initial phylogenetic tree, clustered relatively far from the closely related S. Dublin isolates used in this study. In order to obtain better resolution, variant calling was performed a second time using the contigs of isolate BOV_DUBN_WA_10_R9_3233 as a reference, as its assembly had the highest coverage of all of the S. Dublin isolates used in the study. An additional 11 SNPs were found using isolate BOV_DUBN_WA_10_R9_3233 as a reference; these SNPs were included in subsequent analyses.
SNPs were filtered from other variants using Plink/Seq version 0.10 (60), and recombination events were filtered out using Gubbins version 1.4.2 (61) . Within each serotype, only SNPs at positions present in all genomes were used. MEGA6 was used to identify the best nucleotide substitution models for SNPs within each serotype (62) . For S. Typhimurium, the general time-reversible (GTR) model was selected as the best model (63) , while the Kimura 2-parameter model (64) was selected for both S. Newport and S. Dublin.
For each serotype, BEAST version 1.8.2 (65) was used to construct rooted phylogenetic trees. An ascertainment bias correction was applied to account for the use of solely variant sites (66) . The best nucleotide substitution model, as determined by MEGA6, was used for each serotype, and base frequencies were estimated. Temporal signals, which were assessed using Path-O-Gen version 1.4 (now TempEst) (67), were not strong enough to estimate evolutionary rates using sampling dates (R Ͻ 0.10). As a result, the clock rate was set to 1.0 and tip dates were not used. For each serotype, combinations of either a strict or lognormal relaxed molecular clock (68) and either a coalescent constant size or Bayesian skyline population (69) were tested. Trees were constructed using chain lengths of 100 million generations, with sampling every 10,000 generations. Path sampling analyses (70, 71) were performed using 100 steps of 1 million generations, sampling every 1,000 generations. Bayes factors were calculated to determine which combination of molecular clock and population models best modeled each serotype. For S. Typhimurium and S. Newport, the best model used a relaxed molecular clock with a constant coalescent population model. For S. Dublin, the best model used a strict molecular clock with a constant coalescent population.
Plasmid replicon detection. Plasmids replicons were detected in all whole-genome sequences using PlasmidFinder version 1.3 (38) . An identity cutoff of 80% was used. PlasmidFinder was also used to confirm that plasmid replicons could not be detected in the chromosomal sequences of S. Typhimurium LT2, S. Newport SL254, and S. Dublin CT_02021853.
Statistical analyses. Matrices were created using (i) the sequences of all AMR genes detected using blastn, (ii) phenotypic antimicrobial resistance/susceptibility, and (iii) the presence/absence of plasmid replicons detected using PlasmidFinder. For the phenotypic resistance matrix, isolates showing resistance or intermediate resistance to a particular antimicrobial, using NARMS breakpoints, were treated as resistant and given a value of 1, while susceptible isolates were given a value of 0. Fisher's exact tests were conducted to test whether a given AMR gene, AMR phenotype, or plasmid replicon was statistically associated with a particular source and/or geographic location using the fisher.test function in R version 3.3.0 (72) . When performing Fisher's exact tests for each serotype category with n isolates, gene groups, AMR phenotypes, and plasmid replicons present in fewer than 3 and more than n Ϫ 3 isolates were not tested. A Holm-Bonferroni correction was applied to each test to correct for multiple comparisons (73) . Additionally, Fisher's exact tests were used to test if any AMR gene groups were statistically associated with any plasmid replicons. Plasmid replicons present in fewer than 5 and more than n Ϫ 5 isolates were not tested, and a Bonferroni correction was applied to correct for multiple comparisons. Analysis of similarity (ANOSIM) (74) using the anosim function in the vegan package (75) in R was used to determine if the average ranks of within-serotype, within-source, and within-geographic-group distances were greater than or equal to the average ranks of between-group distances using AMR gene sequences, phenotypic resistance to a particular antimicrobial, and/or plasmid replicon presence/absence data (76) . For ANOSIM simulations using AMR gene sequences, 5 runs of 10,000 permutations using unweighted unifrac distances (77) were conducted. For all ANOSIM simulations using phenotypic resistance/susceptibility and plasmid replicon presence/absence matrices, 5 runs of 10,000 permutations using Raup-Crick dissimilarities (78) were conducted. PERMANOVA (79) was performed to test whether the centroids of serotype, source, and geographic groups were equivalent for all groups (76) based on AMR gene sequences, phenotypic resistance to a particular antimicrobial, and/or plasmid replicon presence/ absence using the adonis function in R's vegan package (75) . Three runs of 10,000 permutations using unweighted unifrac distances were used to obtain mean PERMANOVA test statistics (F) and P values for AMR gene sequences, while three runs of 100,000 permutations and Raup-Crick distances were used for phenotypic resistance/susceptibility and plasmid replicon presence/absence data. The metaMDS function in the vegan package was used to perform nonmetric multidimensional scaling (NMDS) (80, 81) using monoMDS (75) , a maximum of 10,000 random starts, and an appropriate distance metric (unweighted unifrac distances for AMR gene sequence data and Raup-Crick dissimilarities for phenotypic resistance/susceptibility and plasmid replicon presence/absence data). Interactive NMDS plots can be found at https://github.com/lmc297/2017_AEM_Figure_S2.
Descriptive analyses of the susceptible/intermediate/resistant (SIR) distribution of Salmonella isolates by antimicrobial drug and distribution of AMR phenotypes and genes were performed using PROC FREQ in SAS (SAS Institute Inc., USA). To evaluate the effect of presence or absence of resistance genes on the mean zone diameter (in centimeters) of the Kirby-Bauer disk diffusion test, multivariable mixed logistic regression models were fitted to the data using the Glimmix procedure of SAS. The independent variables (i) isolate source (bovine or human), (ii) isolation location (New York State or Washington State), and (iii) serotype were included in all models. Accession number(s). Paired-end reads for the 90 isolates used in this study have been deposited in the National Center for Biotechnology Information's (NCBI) Sequence Read Archive (SRA) under study accession number SRP068320.
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